Objectives:
Introduction
It is important not to overlook early ECG abnormalities such as tall or peaked T wave for the prompt diagnosis of myocardial ischemia [ 1, 2] , because the peaked T wave frequently appears before the elevation of ST segment [3] .
A mechanism of this immediate increase of T wave is assumed to be a shortening of action potential duration in the ischemic myocardium [4] , but the underlying alterations of ionic channel remain unknown. ATF'-sensitive Kf channels (K,,,) are activated when the myocardium becomes ischemic [S-9] , and this leads to a shortening of the action potential duration [5-81. Recently, we reported that in canine hearts this channel participates partly in the ST-segment elevation noted at 2 min of coronary occlusion [lo] . The configuration of ST * Corresponding author. Fax (+81-236) 28-5302.
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WO8-6363/96/$15.00 0 1996 Elsevier Science B.V. All rights reserved PII SOOO8-6363(96)00016-S segment depends on alterations in phase 2 and/or resting potential of transmembrane action potential, and that of T wave depends on alterations in phase 3 [l 11. Theoretically, a reduction of action potential duration should alter T-wave rather than ST-segment area, as the first ECG sign of ischemic ECG. It was postulated that the peaked T wave at the very early phase of ischemia should relate to the activation of K,,,. In the present study, we analyzed early T-wave changes following coronary occlusion and studied the role of K,,, in the emergence of peaked T wave using glibenclamide, a blocker of K,,, [12] .
Methods
This study conformed to the guiding principles of animal experiments in our institution. Twelve mongrel dogs were anesthetized with an intravenous administration of 30 mg/kg sodium pentobarbital. Under artificial ventilation with room air supplemented with oxygen (3 to 5 l/min), the thorax was opened in the fifth intercostal space, the pericardium was opened, and a pericardial cradle was made to support the heart at an appropriate position. Arterial pressure, blood gases, and pH were monitored. The p0, and pH of the arterial blood were maintained at levels greater than 1.50 mmHg and between 7.35 and 7.45, respectively. The sinus node was crushed, and the right atrium was paced at a cycle length of 400 ms.
An abrupt 60-s occlusion of the left anterior descending coronary artery was repeated before (control occlusion) and 15 min after an intravenous infusion of vehicle (n = 6) or glibenclamide (1 mg/kg, II = 6) [ 131. The KATP blocker, glibenclamide (Sigma Chemical Co, St. Louis, MO) was dissolved in a vehicle [14] , consisting of 1 ml of sodium hydroxide (1 N), ethanol (100%) and polyethylene glycol (molecular weight, 200). The vehicle or drug-containing solution was diluted with 97 ml of 0.9% physiological saline solution before infusion.
An array of 48 unipolar electrodes was placed on the anterior surface of the left ventricle ( Fig. 1 ). In Fig. 1 , the numeral on the electrode array indicates the number of dogs which showed maximal T-wave increase at that electrode site during coronary occlusion. Each electrode was made of fine silver wires (0.005-inch diameter) and was insulated except at the point of attachment. These recordings were referenced to a Wilson's central terminal which was made in the same way as in the standard 12-lead ECG of humans. All electrograms were recorded on magneto-optical disk after analog-digital conversion with a sampling frequency of 1000 Hz using a multichannel data recording system (CD-GO15, Chunichi Denshi, Nagoya, Japan) [lo] . The flat portion of the PR segment was defined as the zero level. We measured the amplitude of T wave at three arbitrarily selected points of 40, 80 and 120 ms from the J point. These measured points corresponded to the early, middle and late T waves, respectively. We calculated the differences of these T-wave amplitudes from the pre-occlusion levels (delta early-T, delta mid-T and delta late-T) 4, 8, 12, 16, 20, 30, 40 and 60 s after the initiation of the occlusion for each electrogram. Then we constructed isopotential contour maps [15] of delta early-T, delta mid-T and delta late-T using the data from all 48 electrograms in each dog.
Data are presented as mean + s.d. Statistical comparisons in delta T among early-, mid-and late-Ts were made by ANOVA and then by Sheffe's test. For comparisons of paired or unpaired data, Student's t tests were used.
Differences were considered significant at P < 0.05.
Results
Before occlusions, neither vehicle nor glibenclamide were influential on amplitude of early-T, mid-T and late-T (Table 1 ). Fig. 2 shows isopotential contour maps of delta early-, mid-and late-Ts at 60 s of occlusion before and after the intravenous administration of glibenclamide in a representative dog. The isopotential lines were drawn at every 2-mV interval. In the control maps, the area of positive delta T occupied the greater part of the map area and the most remarkable increase was noted at a site of lead D5. Both the peak magnitude and the size of the T-wave elevated area were attenuated after the administration of glibenclamide. Time-related changes in ST-T waves at the lead D5 during control occlusion (A) and occlusion after the pretreatment with glibenclamide (B) are superimposed in Fig. 3 .
The sites of maximal T-wave increase during ischemia were located apparently in the central area of the ischemic region of the left ventricle in each dog (Fig. 1) . For further analysis, we chose one electrogram representing the maximal T-wave level in each dog and plotted the time courses of the delta early-T, delta mid-T and delta late-T during a (Fig. 4) . After the start of coronary occlusion, T wave rose progressively and the T-wave change was the peaked level at the end of occlusion. At 60 s, the mean value of the maximal delta late-T was 11.7 + 1.8 mV, which was significantly larger than that of the maximal delta early-T (5.5 f 0.5 mV, P < 0.01) and that of the maximal delta mid-T (7.3 5 1.8 mV, P < 0.05).
The effects of the vehicle and glibenclamide on the delta Ts at 60 s after the initiation of the occlusion are summarized in Fig. 5 . Glibenclamide but not the vehicle significantly reduced the increase of delta early-T, mid-T and late-T (P < 0.05, < 0.01 and < 0.01, respectively).
The mean % reductions of delta early-T, mid-T and late-T were 33 If: 21, 59 &-12 and 63 f 13%, respectively. The reductions of delta mid-T and delta late-T were significantly larger than that of delta early-T (P < 0.05). 
Discussion
The earliest ECG manifestation of abrupt coronary occlusion is an appearance of peaked T wave, and then ST-segment elevation ensues [16] . A peaked T wave has been emphasized as an early finding of myocardial ischemia [1, 16] . To investigate the pattern of ST-T-wave change quantitatively, we measured changes of potentials at 40, 80 and 120 ms from the J point. These arbitrarily selected points corresponded to the early, mid and late portions of T wave, respectively. We demonstrated that the most prominent change was a rapid increase of the potential at late-T and that the largest T change was in the central area of the ischemic region. These ischemic-induced T-wave changes were significantly attenuated after pretreatment with glibenclamide, a blocker of K,,,. Thus, the activation of K,,, may play a key role in the evolution of peaked T wave in the presence of myocardial ischemia.
The extent of T-wave increase after coronary occlusion was largest at late-T and smallest at early-T (corresponding to the level of ST segment). An increase of the T wave is related to the shortening of Phase 3 of action potential, while an elevation of ST segment is related to both the shortening of Phase 2 and an decrease of resting potential of the transmembrane action potential 1111. Accordingly, a main mechanism responsible for the ECG change noted in this study after 60-s coronary occlusion is considered to be a shortening of Phase 3.
Using tissue preparations and isolated cells from the canine right ventricle, Lukas and Antzelevitch [ 171 demonstrated that 4-aminopyridine, a transient outward current (I,,) blocker, effectively inhibited the ischemia-induced shortening of action potential duration. They suggested that the activation of I,, contributes to the action potential shortening during ischemia which leads to ST segment elevation as well as T-wave altemans. However, these investigators did not record the electrogram in their experiments. Thus, the role of I,, in repolarization of the left ventricle in in-situ beating hearts remains to be clarified.
Imamura et al. [18] reported that intracoronary infusion of a large amount of glibenclamide (50 pg/kg per min) reduced coronary blood flow and elevated ST segment. Thus, the huge inhibition of KATP was represented by a vascular shut-down. In the present study, we did not observe any ST-T change after an intravenous infusion of glibenclamide (1 mg/kg). Therefore, the present dose of glibenclamide should be smaller than that used by Imamura et al.
In conclusion, the earliest ECG ST-T change in response to an abrupt coronary occlusion is an increase in the magnitude of the T wave. This effect was attenuated by glibenclamide, implying that the activation of K,,, plays a role in this ECG change. This study also suggests that in in-situ beating hearts the activation of K,,, occurs within the initial 60 s after the initiation of myocardial ischemia. Accordingly, it seems likely that from the very early onset of myocardial ischemia activation of KATP begins to produce repolarization changes which may culminate in ventricular reentrant arrhythmias.
